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INTRODUCTION

A basic understanding of the factors which affect fire be
haviour is a requisite to its efficient control and use. Progress in
obtaining this understanding has been difficult because of the complex
interaction of many variables and the lack of full understanding of com
bustion processes.
One aspect of this general problem is the relationship between
the rates of spread of heading and backing fires, The direction of spread
of forest fires is controlled mainly by wind and slope of the land. As
a fire spreads form its point of ignition it responds to the influences of
wind and slope, spreading faster in one direction than others. The
portion with the most rapid spread, be it down-wind or up-hill, is known
as the heading fire or front; and that portion with the slowest spread,
usually the opposite side, is known as the backing fire.
An under standing of the relative rates of spread of the heading
and backing fires would be valuable in setting prescribed fires so that
the ignition pattern could be better planned to maintain control of the
fire and to accomplish the aims of the burn. Prediction of the proper
time for backfiring on wild fires would also be enhanced if the relative
rates were known so that the attack could be made with greater con
fidence.
This study was conducted to obtain a basic understanding of
the effects of wind speed and angle of slope on rate of spread, partie -
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ularly as they affect the relative rates of spread of the heading and
backing fronts.

Because of the complexity of factors affecting rate of

spread it was considered best to conduct these tests with an artificial
fuel in which all variables could be controlled. Armed with the know
ledge which the results of this basic study would yield, further tests
could be conducted later using natural fuels in controlled environments.
These in turn would eventually culminate in field tests climaxing a
series of studies which would have been based upon the results of the
ones before.
In order to conduct this basic study it was first necessary
to develop an artificial fuel suitable for use with the small-scale fires
this project entailed - one which could be easily replicated and in which
the variables could be conveniently controlled.
The research was conducted at the Northern Forest Fire
Laboratory, Intermountain Fore st and Range Experiment Station, United
States Forest Service in Missoula, Montana. The burning was done in
the three feet square wind tunnel^ Fuels were burned to test the effect
of a range of seven wind speeds and three angles of slope.

OBJECTIVES

1.

To develop an artificial fuel suitable for small-scale fires.

2.

To determine the relative rates of spread of heading and backing
fires in this fuel as affected by wind and slope.

3.

To analyze the results of these tests in such a manner as to con
tribute to a basic understanding of the interactions between burning
fire fronts and their environments.

REVIEW OF THE LITERATURE

Artificial Fuels

One of the difficulties in conducting studies of rate of spread
is that of controlling and measuring the variables affecting it. Gen
erally speaking, wind speed and angle of slope can be measured with
reasonable convenience and accuracy. However « the numerous factor s
associated with the fuel itself are more difficult to assess and measure
- i.e. fuel moisture content, size and arrangement of fuel particles,
quantity of fuel, fuel density and individual fuel type characteristics.
A number of investigators have determined that these factors do affect
rate of spread.
Increasing fuel moisture content causes decreased rates of
spread (Byram 1957, Davis 1959, Jacobs 1962, Morris 1958). Fons
(1961) reports that rate of spread in wood crib model s varies inversely
as the square root of the fuel moisture content.
Size and arrangement of fuel particles affects rate of spread
by controlling the amount of fuel surface exposed to preheating and to
the air. Generally speaking, small particles arranged in a loose porous
fashion sustain higher rates of spread than large pieces arranged in a
compact dense mass. This has been shown by Abell (1940), Barrows
(1962), Byram (1957), Curry and Fons (1940), and Jemison (1944).
Rate of spread increases when the quantity of available fuel
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per unit of area increases (Fahnestock I960). Rodger (1959) working
with eucalypt fuels (Eucalyptus species) in Australia found that the lineal
rate of spread roughly doubled for each 4 ton per acre increase in fuel.
Data from 112 test fires in natural fuels in the southeastern
United States analyzed by Bruce (1956) also showed that fuel quantity
and arrangement caused significantly different rates of spread. These
factors and fuel moisture content were all shown to affect rate of per
imeter increase, pointing up the necessity for a physically constant
controlled fuel in conducting basic studies.
Specific gravity of the fuel itself affects rate of spread.
Bruce, Pong and Fons (1961) found that as wood specific gravity in
creases, the rate of spread decreases. They also determined that rate
of spread increases with increasing thermal diffusivity of the fuel.
These factors must be controlled in order to assess the
effects of wind and slope in rate of spread studies. A way to do this is
to prepare a physically constant fuel which contains very little inherent
variation.
Curry and Fons (1938) and By ram (1958 and 1959) have con
ducted field experiments in which rate of spread was a consideration.
In all cases natural fuels in situ were used; Curry and Fons burning
ponder osa pine needle litter in California, and Byram burning fairly
uniform mixtures of grass and pine needles in the southeastern States.
Thus the fuel factors related to rate of spread could not be controlled,
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nor could the fuel itself be satisfactorily replicated.
The need for controllable fuel was recognized by Curry and
Fons (1938) who also conducted laboratory experiments to determine
rates of spread of fires. They used ponderosa pine needles for fuel
beds. Each needle was clipped to a standard length of 1 1/2 inches.
The fuel beds were prepared to specified depths in a 4 by 10 foot pan.
Although this resulted in a reasonably standardized fuel, the procedure
of collecting and preparing it is quite laborious.
Ponderosa pine needles were used again by Fons (1946) to
prepare model fuel beds. The needles were not cut this time but were
placed in trays and compacted to a specified degree. The fuel bed trays
were constructed 3 feet wide by 8 and 12 feet long.

The length of burn

ing tray presumably would allow irregularities in the fuel to act in a
compensatory manner,
Cribs constructed with 1/2 inch square white fir, (believed
to be Abies concolor) sticks were used for model fuel by Fons et al.
(I960), The cribs were built to a width of 4 to 16 inches, a height of
4 to 12 inches and to several feet in length. These apparently worked
satisfactorily in this larger scale modelling but is difficult to adapt to
small-scale work. A significant point determined in their experiments
was that the spread of fires was lineal after a period of build-up. The
build-up period varied with width and height of the crib - ranging from
7 to 8 minutes as the height increased from 4 to 12 inches; and from 7
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to 8.5 minutes as the width increased from 4 to 16 inches. The cribs
were burned in the absence of wind and slope.
An interesting point determinedin a continuation of this study
was that the rate of spread also varied with the species of wood used
in making the cribs (Fons et al. 1962). This was thought to be a pos
sible effect of the oils and resins characteristic of the different species.
A suitable artificial fuel for small scale experiments must
be simple to prepare, be easy to replicate, and burn evenly at a con
stant lineal rate. A fuel with qualities approaching these specifications
was prepared by Rowland (1939). He used a mixture of "woodElour and
saltpeter"^ for afuel with which to simulate small-scale fires for train
ing purposes. The mixture was sprinkled on a topographic model and
ignited. The resulting fire exhibited many of the characteristics of
natural fires, even to throwing spot fires ahead of the main front. The
woodflour alone would not ignite, hence the sodium nitrate was added
in a 1:23 ratio to sustain the flame.
Peabody (circa I960) experimented further with this type of
fuel for use in topographic modelling. He found that a mixture of 14
parts of fine white pine woodflour and 1 part sodium nitrate by weight
resultedin the bestmixturefor his purposes. He also noted the spotting
characteristic of the fuel.

Sodium nitrate (NaNOg)
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A variety of fuels was investigated by Schaefer (1962 a and
b) with the objective of finding the best one to use on plane figure fire
models. He found that sodium nitrate and potassium nitrate mixtures
with woodflour both caused spotting, especially as the proportion of
nitrate increased.

A small sample of cellulose nitrate was mixed with

fine woodflour and was found to burn evenly with a flame 5 centimeters
high and no spotting. Other fuels tested proved unsatisfactory.
It therefore appeared that a mixture of cellulose nitrate and
woodflour might result in a convenient and suitable artificial fuel with
which to conduct these studies. Additional work was carried out to test
this assumption.

Effect of Wind Speed

Several re sear cher s have investigated the effect of wind speed
on fires. All but one have related the effect only to total fire size or
spread rather than to the relationship between backing and heading
rates. However, they can yield useful information.
A correlation between average total size of fire and the speed
of wind at the time of attack is shown by Barrows (1951 b). Fires
averaged from 8 acres with a wind of light force at initial attack, to
3500 acres with gale force winds.
The general effect of wind on average wild fire size in Calif
ornia was summarized by Show and Kotok ( 1925). The average fire size
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increased from about 150 acres with a 10 mile per hour wind to about
500 acres at 25 miles per hour.
Show (1919) developed a working hypothesis that the rate of
spread in perimeter of a fire varie s approximately as the square of the
wind speed. This was based on observations of 33 fires, apparently
set under natural conditions in northern California,
Rodger (1958) reports on rate of spread studies in needles
of Pinus radiata in Australia. The results of burns in 10 by 20 foot
plots showed that for a given fuel moisture content and fuel type the
lineal rate, varies, for all practical purposes, as the square of the wind
speed. Thus both lineal rate and perimeter increase are seen to be
roughly proportional to wind speed.
Curry and Fons (1938) conducted rate of spread studies in
ponder osa pine litter in situ in California. They noted that winds over
one mile per hour had an immediately noticeable influence on the size
and shape of the flames. They showed that the effect of wind on the
rate of perimeter increase is linear, and varies with time and fuel
moisture content.
Wind speed influences fire spread by causing changes in the
magnitude of film conductance and temperature ratio coefficient.

This

was illustrated by Fons (1946) who conducted an analysis of rate of fire
spread in artificial beds of ponderosa pine needles. Film conductance,
or rate of heat transfer to new fuels, was shown to vary approximately

with the square root of wind speed. However, he states that most of
the increase in fire spread that is due to wind speed results from its
effect on the temperature ratio coefficient - an expression of the tem
perature gradient between the fuels away from the flame and those near
the flame. In other words, increasing velocity decreases the flame
nearer to the unburned fuel and results in more preheating. With wind
velocities measured at 1 foot above the fuel bed, he found that the lineal
rate of spread is approximately proportional to the first power of wind
speed for velocities under 5 miles per hour; and to the 1.5 power for
speeds from 5 to at least 12 miles per hour. The upper limit to which
the 1.5 power holds was not fixed. The first power for winds le s s than
5 miles per hour is confirmed in test fires by Curry and Fons (1938)
under field conditions.
The only investigator to mention the effect of wind speed on
the rate of backing spread as well as on the heading rate was Byram
(1958 and 1959). His findings indicate that the rate of backing spread
increases with increases in wind speed, but at a lesser rate than the
heading front.

He attributes the increased backing rate to an increase

in the oxygen supply by the wind, A range of winds up to 10 feet per
second (about 6.8 miles per hour) was tested. The data were collected
during prescribed fires in fairly uniform mixtures of grass and pine
needles in rather open longleaf and loblolly pine (Pinus palustris and
P. taeda) stands. There was no control of fuel moisture, and only
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limited data were taken on the rates of spread of the heading fronts.
Byram therefore did not attempt to draw conclusions regarding the
relative rates of spread of backing and heading fires. Since the fires
occurred on level ground» the effect of slope angle was not determined.

Effect of Angle of Slope

The effect of slope on the average size of wild fires in the
Intermountain west is described by Barrows (1951 a). As the angle of
slope increases the average size of fire occurring on the slope also
increases. He pointed out that the large fire potential is 1.8 times as
great on steep slopes than on gentle slopes.
Fons (1946) showed that an increase in slope decreases the
flame angle at the head of the fire. Slope thus has the same effect as
wind in bringing the flame closer to the fuel and preheating it.
Laboratory test fires by Curry and Fons (1938) showed that
the longitudinal axis of the fire exhibited a curved increase with in
creasing angle of slope. They concluded that the effect of slope is
curvilinear and dependent on the occurence of up-slope winds. Re
garding wind and slope interactions, they state that the influence of
slope appears to be relatively slight at low wind speeds, but with higher
wind slope becomes increasingly important.
In summary, it seemed that increase in wind speed and angle

12
of slope caused increases in average fire size and rates of spread.
These factors also acted in a cummvilative fashion when both were pre
sent. Increase in the rate of spread of the heading front due to both
wind and slope was accomplished by decreasing the flame angle causing
greater preheating of the unburned fuels.

The action of wind also pro

vided an increased oxygen supply which in turn caused increases in
spread of both heading and backing fronts.

The relative rates of spread

of heading and backing fires were not established.

Effect of Other Variables.

Relative humidity of the air can affect rate of spread. Show
and Kotok (1925) show that average fire size in California increases
with decreasing relative humidity and remark that the influence of wind
becomes greater as the relative humidity decreases. This relation
ship is substantiated by Morris (1954) in observations of rates of spread
in fern fires in Washington. Fahne stock (1953) found that high humid
ities greatly reduced rate of spread in light and medium slash concen
trations but had no significant effect on fires in heavy concentrations.
Temperatures of the fuel and of the air also affect rate of
combustion and rate of spread. Fons (1946) shows that fuels at higher
temperatures need less heat to raise them to the ignition point. High
air temperatures contribute to the preheating effect, causing increased
rates of combustion.

The variables other than mnd speed and angle of slope which
were seen to affect rate of spread included fuel moisture content, size
and arrangement of fuel particles, quantity of fuel, fuel density, wood
specific gravity, species of wood fuel material, fuel temperature and
relative humidity of the air as mentioned earlier. Arrangements were
made to control these factors as described in the following sections.

PRELIMINARY INVESTIGATIONS

Variables other than wind speed and slope angle which affect
rate of spread had to be controlled so that their effects would not in
fluence the effect of the measured variable s. A number of inve stigations
including development of a suitable fuel was required to determine the
best means of accomplishing this. It was also necessary to design
apparatus to hold the fuel and simulate slopes. These steps are de
scribed briefly in the following section.

1.

Fuel
It was originally hoped to develop a fuel which would burn

with a flame approximately 1 to 2 centimeters in height. A total of
sixty-three fuels was tried, starting with the cellulose nitrate-woodflour mixture described by Schaefer, but this flame height could not be
achieved. When flames were present they were either too large for
these small scale models , or tenuous and easily blown out. A descrip
tion of the various fuels tried is given in the Appendix.
Of the fuels tested, the one which showed the greatest pro
mise was a mixture of woodflour and sodium nitrate (NaNOg). The
components were mixed in a ratio of one part sodium nitrate to four
parts woodflour by weight.

The resulting mixture was easy to ignite

and burned evenly with a smouldering front.
The woodflour was made from Douglas fir (Pseudotsuga
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menziesii) and was screened by the manufacturer^ through a seive of
230 meshes per inch.
The sodium nitrate had a tendency to burn in a series of
miniature explosions which often caused burning material to be thrown
ahead of the burning front initiating spot fires. It was found that if the
oxidizer was ground and passed through a screen of 325 meshes per
inch the tendency to cause spot fires was greatly reduced. Potassium
nitrate (KNO^), which is not hygroscopic as is sodium nitrate, was
substituted in the final fuel mixture, reducing the occurrence of spot
fires still further.
In order to obtain a uniform mixture, the components were
blended dry in a Waring Blendor (T.M.). It was found that blending
for one minute at the high speed caused suitable mixing. The blendor
was limited to a capacity of fity grams total weight per load.
A test was conducted in the wind tunnel to determine the
stability of the surface of a tray of this fuel when exposed to wind. At
wind speeds of up to 13 to 15 miles per hour no disturbance of the fuel
bed resulted. Above these speeds fuel began to erode from the wind
ward edge of the tray and smaller particles were lifted from the sur
face. At 19 miles per hour general disintergration began.
The picture changed markedly when the fuel was ignited. The

^ Menasha Woodflour Company, Tacoma, Washington.
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residual ash cooled rapidly, in the higher wind speeds, and contracted
into a shallow cup-shape. This was caught by the wind and lifted bodily
out of the tray at speeds as lowas nine miles per hour. In some cases
portions of the burning fronts were also lifted out with the ash.
As a result of this test an attempt was made to find some
suitable method of stabilizing the surface. The four methods attempted
are described in the Appendix.

None was found to be satisfactory. On

the third day of the actual experimental burning a further test was made
using three strands of asbestos cord stretched lengthwise over the fuel
bed. This held the fuel and ash in place and did not appear to affect
the rate of spread of the fronts. Asbestos cords were used for the
burns at 10 miles per hour, but did not for the burns at lower wind
speeds. Figure 1 shows the cords in place during one of the experi
mental burns.
Ignition of the fuel was effected with a nichrome strip stretch
ed across all four tra^s at the mid-point of the fuel bed. An electric
current controlled by a rheostat caused the nichrome to become redhot which was sufficient for ignition. The nichrome wire can be seen
in Figure 1 also.
The heading and backing fronts burned away from each other
toward the end of the trays. It would have been possible to ignite both
ends of the bed simultaneously allowing the fronts to burn towards each
other instead. A test showed no significant difference between the two
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FIGURE 1. Three strands of asbestos cord taped lengthwise over the
fuel bed held the ash windfirm. Burn 21 with wind 10 miles per
hour, slope 25 percent.
methods, so mid-point ignition was used for sake of simplicity.
A small conditioning chamber was used to bring the fuel to a
standard moisture content and temperature.

The chamber utilized a

heating coil activated by a thermostat, coupled with a water cooled coil
for temperature control.

Relative humidity was regulated by a pan

containing a saturated solution of lithium chloride (LiCj^) which kept
the atmosphere at 18 percent relative humidity. A small fan provided
circulation of air.
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With this fuel it was possible to control the variables of fuel
moisture content, fuel temperatures, fuel size and arrangement, fuel
particle specific gravity, and species effect,

2.

Fuel Trays
The main purpose of this experiment was to measure the

lineal rates of spread. It was decided, therefore, to burn a strip of
fuel rather than measure spreadfrom a point of ignition in an extensive
bed of fuel. This decision led to the possibility of burning fuel bed
strips either with inert sides or with edges exposed to the air. Tests
showed that the fronts of strips burned with sides exposed to the air
formed a deep V-shaped pattern, the bases of the V's pointing towards
the source of ignition. It was apparent that the edges were exposed to
a greater oxygen supply thus causing a more rapid spread than at the
mid-line. This effect was not as evident in the strips with inert sides.
Figures 2 and 3 illustrate this effect. The photographs were taken
during the course of the preliminary investigations.
It was felt that the strips with sides would be more repre
sentative of a section through a fire of infinite front, thus all trays were
constructed accordingly.
Width of strip had an effect on rate of spread. Tests showed
that the rate was affected only on strips of less than 4 centimeters
width - decreasing with decreasing width. This relationship is shown
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FIGURE 2. Fuel bed 8 centimeters wide on 30 degrees slope burning
in absence of wind. Note the deep V on the backing front and the
shallow U on the heading front when the fuel bed sides are exposed
to the air •

FIGURE 3. Fuel bed of same characteristic s except that the sides are
not exposed to the air. Neither front exhibits the indentation evi
dent in Figure 2.
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on a graph in the Appendix. A width of 8 centimeter s was selected for
the experiment.
Depth of the fuel bed did not appear to have a significant effect
on rate of spread at depths above 0.15 centimeters. A depth of 0.6
centimeters was selected for the experiment. This was the thickness
of the material used in construction of the trays and was a convenient
depth to use.
It was decided to burn four strips of fuel simultaneously. A
test revealed that no apparent interaction resulted from 8 centimeter
strips separated by a distance of 8 centimeters. The individual burning
trays were designed so that the fuel strips were separated by a distance
of 9 centimeters.
The trays were constructed of asbestos-board sheets 0.6
centimeters thick. A plan of an individual tray is shown in the Appen
dix. Five sets of four trays each were constructed. Each set was given
a letter designation A to E, and each tray in a set was numbered 1 to 4.
The tray sets were used in alphabetical sequence throughout the tests.
The trays were assigned to position in the frame by random selection
of tray numbers.
All trays were painted white on the upper surface to provide
contrast for the one centimeter graduations which were inked on to
facilitate measurements of spread.
Some variation in fuel moisture content was expected and it
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was necessary to devise some method of sampling tomeasure it. Sam
ples could not be taken from the fuel bed surface before ignition with
out destroying the continuity of it so five small trays were constructed
to hold the fuel moisture samples. Each fuel moisture sample tray
contained two compartments each measuring 8 by 13 centimeters.
These held approximately 10 grams of fuel in each compartment thus
providing sufficient quantity for moisture content determination. The
fuel moisture sample trays could be exposed to the same conditions as
the fuel burning trays ensuring equal treatment of fuel and sample. A
plan of a fuel moisture sample tray is included in the Appendix.

3.

Frame
A frame was constructed to hold the trays in position in the

small wind tunnel. A glass top placed approximately 30 centimeters
above the burning surface was provided to ensure a laminar flow of air
over the surface. Photographs and dimensions of the frame are included
in the Appendix. It will be noted that the cross section area is slightly
decreased from the front to the back. This was done to stablize the
air flow and to prevent turbulence from developing as the air flow was
changedin direction. The frame also made it possible to position slopes
with precision.
The air flow was tested visually in the wind tunnel by observ
ing the flow of generated smoke at a range of wind speeds at all three
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angles of slope. In all cases a laminar flow was evident over the sur
face of the trays.
Wind speeds on the surface were checked with a hot-wire
anemometer. Wind speeds were shown to be approximately 5 percent
greater at both ends of the trays than at the centre. The results of this
test are shown in the Appendix.

4.

Wind Tunnel
The experiments were conducted in the Laboratory's small

wind tunnel which is three feet square in inside dimension. Calibration
tests revealed that a boundary effect of approximately six inches exists
in the test section. Wind speeds in this boundary layer were slower
due to friction of the air on the tunnel walls. The frame was designed
so that the fuel strips would not be located within this layer. The cali
bration curves showing the boundary effect and tray locations are in
cluded in the Appendix.
A series of tests was conducted to determine the relationship
between the wind speed measured 5 centimeters above the burning sur
face and the indicated wind speed in the control room. A curve for each
angle of slope was drawn and the correct control speed for each desired
test speed was determined. These curvesare shown in the Appendix.
The air conditioning unit for the wind tunnel made it possible
to control air temperature with 1 degree Fahrenheit and relative humid
ity within 1 percent.

EXPERIMENTAL DESIGN

The heading and backing rates of spread in centimeters per
minute were measured for each combination of wind speed and slope a total of 21 burns.
Wind speeds measured 5 centimeter s above the burning sur
face were 0, 1, 2, 4, 6, 8 and 10 miles per hour.
Slopes were 0, 25 and 50 percent (0 degrees and approxi
mately 14 degrees 02 minute s and 26 degrees 34 minutes respectively).
Four trays were burned simultaneously in each test providing
four replications.
Variables controlled and measured were:
a)

Air temperature

b)

Air relative humidity

c)

Wind speed

d)

Angle of slope

e)

Fuel moisture content

f)

Fuel bed depth

g)

Fuel bed width

Variables controlled but not measured were;
a)

Fuel temperature

b)

Fuel size and arrangement

c)

Fuel particle specific gravity.

d)

Species of wood in fuel.

METHODS

A quantity of woodflour was conditioned in the conditioner
before mixing with the oxidizer. It was spread approximately 1/4 inch
deep on cardboard trays and treated for 24 hours in an atmosphere of
80 degrees Fahrenheit and 18 percent relative humidity. The con
ditioned woodflour was stored in metal container s with tight-fitting lids,
It was estimated that 250 grams of mixed fuel would be re
quired for each burn - sufficient to load four trays, make fuel available
for moisture samples and have a little to spare. Accordingly 5 fiftygram units of fuel, each containing 10 grams potassium nitrate and 40
grams woodflour, were mixed in the Waring Blendor and the 5 units
thoroughly blended in a separate container. The fuel lot was then placed
in a paper bag, sealed and numbered. Numbers were assigned to the
fuel lots consecutively as prepared. The bags were stored in sealed
metal containers. Fuel lots were assigned to the proposed burns by
random selection of fuel lot numbers.
Five sets of burning trays were prepared the evening before
the burn and placed in the conditioner, again in an atmosphere of 80
degrees Fahrenheit and 18 percent relative humidity. The trays re
quired for the sixth burn each day were charged at noon of the same
day and placed in the conditioner until needed.
The fuel was spread onto the trays with a flour sifter, and a
small quantity of fuel was sprinkled into one of the fuel moisture sample
trays after each pass over the burning tray.

The surface was smoothed
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with the edge of a metal spatula. In this way no compacting of the fuel
resulted.
Progress of the burns was recorded photographically by two
cameras, one mounted above the frame taking vertical photographs and
the other taking oblique pictures from the side, A 4 by 5 inch press
camera was used to take six photographs at more or less regular in
tervals during each burn. A 16 millimeter movie camera with colour
film was fitted with a time-lapse attachment and adjusted to expose at
five second intervals. Stopwatches were placed in the fields of vision
so that the time could be recorded simultaneously.
The procedure varied little throughout the experiment. The
sequence listed below was followed;
a)

Frame set to desired slope,

b)

Air through tunnel conditioned to 80 degrees Fahrenheit
(plus or minus 1 degree) and 18 percent relative humid
ity (plus or minus 1 percent),

c)

Wind speed adjusted approximately then wind diverted
through the other larger wind tunnel,

d)

Set of trays removed from conditioner and placed in
frame. Trays set in rows according to previously de
termined random selection. Fuel moisture sample tray
also placed on frame,

e)

Nichrome ignition wire attached in position and taped
down where necessary.

f)

Label describing burn placed on frame.

g)

Stopwatches checked.

h)

Psychrometer wick moistened.
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i)

Tunnel access doors closed and wind diverted back
through small tunnel.

j)

Temperature and relative humidity of wind checked.

k)

Wind speed controls adjusted.

1)

Fuel moisture sample tray removed. Contents of each
compartment placed in separate flask, sealed with rub
ber stopper and placed in conditioner.

m)

Cameras checked and time-lapse started.

n)

Fuel ignited by electric current through ni chrome wire.

o)

Notes taken of fire progress and behaviour.

p)

When the fuel beds had burned out the wind was diverted,
the old trays removed and the procedure repeated.

Figure 4 illustrates a typical burn, showing the arrangement
of trays, position of nichrome wire and location of stopwatches.
In the evening the fuel moisture samples were weighed and
stored until they could be dried. The flasks were placed in a drying
oven set at 110 degrees Centigrade for four full days. All weights were
recorded to the nearest tenth milligram.
Rates of spread were compiled from the photographs. Wher
ever possible the press camera panchromatic prints were used. In
cases where severe spotting occurred measurements were made on the
16 millimeter film strip which showed sufficient intervals between spot
fires. The press camera photographs were usedat contact size (3 1/2
by 4 1/2) inches while the 16 millimeter film strip was projected onto
a screen which enlarged the picture to approximately 12 by 18 inches.
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FIGURE 4. Typical burn.
per hour.

Frame at 25 percent slope, wind 1 mile

In spite of the enlargement it was felt that greater precision of meas
urement could be obtained from the press camera prints with their
clearer resolution.
No measurements were made closer than 1 centimeter to
the point of ignition to avoid a possible build-up zone as described by
Fons ^ al. (I960).

The position of the fronts relative to the scale on

the sides of the tray was measured to the nearest millimeter .

Location

of the point of measurement was determined on the basis of equal areas
of burned to unburned fuel above and below a line projected perpendic
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ular to the direction of travel. This was considered superior to meas
uring on the center line only because of patterns created by uneven
ignition and minor fuel irregularities.

Time was recorded to the near

est second.
Rates of spread were measured over as long a distance as
possible so that minor variations would not markedly affect the results.
Usvially the heading distance was the limiting measurement because
spot fires would decrease the unaffected zone. Where the heading dis
tance was restricted, the backing distance was measured over the same
time interval so that the two would be more comparable.
The average rate of spread for each burn was determined by
adding the four distances and four time intervals, and dividing these
totals by four. This in effect weighted the values according to the dis
tances and times involved.
The reliability of the rate of spread data was determined
through a factorial analysis of variance.

RESULTS

1.

Control of Variables

Temperature of the wind was held to within 1 degree Fahr
enheit o f 8 0 d e g r e e s o n a l l b u r n s . R e l a t i v e h u m i d i t y r a n g e d f r o m 1 7 . 2
to 18.3 percent, and was within 0.3 percent of 18.0 in 73 percent of
the tests.
Wind speeds were well controlled except for the eight miles
per hour tests at slopes of 0 and 25 percent.

Wind speeds for these

tests were 8.25 and 8.17 miles per hour respectively. The variations
were recognized in plotting the data.
The mean fuel moisture content was 4.67 percent with a
standard d e v i a t i o n o f t 0 . 1 3 . T h e f u l l r a n g e o f v a l u e s r a n f r o m 4 . 4 0
to 4.92 percent.
A table of the values of each measured variable for all tests
is located in the Appendix.

2.

Rates of Spread
A summary of the mean rates for each combination of wind

and slope is presented in Table I. A tabulation of the individual rates
in each row is included in the Appendix.
The analysis of variance shows highly significant wind and
slope effects, and a highly significant interaction between wind and
slope in both the heading and backing directions.
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TABLE I
SUMMARY OF RATES OF SPREAD

Wind
Speed

Heading
Rate
S.D.

Backing
Rate
S.D.

mph.

cm/min. t

cm/min. ^

Relative Rate
Ratio
S.D.
head/
back

2. 18
2.02
1.94
2.75
3.25
5.02
6.44

0.11
0.03
0.06
0.08
0.21
0.44
0.44

2 . 17
2.32
2.52
3.24
3.86
4.68
4.79

0.02
0.14
0.10
0.08
0.12
0.33
0.07

1.00
0.87
0.77
0.85
0.84
1.07
1.34

0.05
0.05
0.05
0.01
0.05
0.12
0.09

0.01
0.04
0.06
0. 13
0. 15
0.25
0.32

2.44
2.40
2.78
3.58
4.53
4.43
5.05

0.05
0.10
0.13
0.05
0.04
0.27
0.15

0.85
0.82
0.85
0.84
1.06
1.32
1.32

0.01
0.02
0.02
0.04
0.04
0.10
0.09

0.07
0.04
0. 10
0.20
0. 16
0.42
0.20

2.46
2.48
2.86
3.58
3.87
4.41
4.98

0.08
0.11
0.06
0.12
0.13
0.17
0.23

0.80
0.80
0.82
0.90
0.95
1.23
1.46

0.05
0.04
0.04
0.05
0.07
0.11
0.09

A.
0
1
2
4
6
8
10

B.
0
1
2
4
6
8
10

C.
0
1
2
4
6
8
10

No slope

25 percent slope
2.08
1.96
2.36
3.00
4.81
5.85
6.65

50 percent slope
1.98
1.98
2.36
3.23
3.69
5.40
7.26
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A barely significant row effect is found in the Heading anal
ysis. This is probably due to the boundary layer affecting row I in the
wind tunnel. The calibration curves (Rothermel 1963) in the Appendix
illustrate that some effect could be introduced at the lower wind speeds
although it was felt that sufficient allowance had been made in the design
to avoid this. A separate analysis using the data from rows II, III and
IV only did not produce a significant row effect. However, the differ
ence is not considered to be enough to justify discarding the row I
values. A summary of the analysis is presented in Table II.
An analysis of all data is also included in the Appendix. This
analysis shows a highly significant difference between the heading and
backing rates of spread. It also shows that wind and slope affect the
heading and backing rate s in significantly different amounts. Two barely
significant interactions involving row are present. These are consid
ered to be related to the possible variation in row I described before
and do not affect the overwhelmingly more significant principal cate
gories of variation.
One heading front failed to ignite. A value for this missing
item was calculated for the analysis of variance by the method described
by Steele and Torrie (I960 - p. 139). This value was not used in cal
culating mean rate.
Eight principal relationships were seen to be evident. These
are listed below and are discussed in the next section.
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1.

In general, the heading rates of spread show a curvilinear increase
•with increasing wind speeds.

2.

The backing rate of spread increases with increasing wind speeds,
but at a lesser rate of increase than thehead. Except for the sec
tion of curve between 0 and 4 miles per hour the rates suggest a
linear relationship.

3.

The curves for the heading rates of spread show a dip at the lower
wind speeds. The heading rate of spread actually decreases at low
wind speeds in the no-slope and 25 percent slope positions; and
remains constant in the 50 percent slope position before increasing.

4.

The backing rates of spread are faster than the heading rates on
all slope positions until wind speeds reach 5 to 7 miles per hour.

5.

Rates of spread of both heading and backing fronts increase with
increasing slope in a curvilinear relationship, except for the head
ing fronts at wind speeds of 0 and 1 mile per hour.

6.

The slope and wind effects are not entirely additive at the head but
partially compensating until the extreme wind and slope is reached.

7.

The relative rates of spread of the heading and backing fronts vary
with wind and slope in curvilinear relationships.

8.

At wind speeds of 5 to 10 miles per hour the heading rates vary
approximately as the 1.1 power of wind speed, and the backing
rates as the 0.4 power.
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TABLE II
ANALYSIS OF VARIANCE OF HEADING
AND BACKING FRONTS

Variation due to:

A.

B.

Sum
Squares

Degrees
of
Freedom

Mean
Squares

Sample
F

Heading fronts
Wind
Slope
Row
Wind X Slope
Residual

254.0243
2.8263
0.3713
5.9840
2.5155

6
2
3
12
59 ^

Total

265.7214

82 ^

42.3374
1.4132
0.1237
0.4986
0.0426

993.84
33.17
2.90
11.70

13.0694
0.3696
0.1286
0.0201

650.17 **
18.39 **
6.40 **

**
*»
*b
**

Backing fronts
Wind
Slope
Wind X Slope
Residual

78.4165
0.7393
1.5439
1.2686

6
2
12
63

Total

81.9683

83

One missing item in data; degrees of freedom reduced by unity
^

Fq5

is 2.76; therefore this item is barely significant.

*

Significant at the 5 percent level

**

Significant at the 1 percent level

DISCUSSION

A significant characteristic of these fires is the absence of
flame. The apparent anomalies in accepted patterns of fire behaviour
is largely attributable to this fact.

Two main effects result.

By eliminating the flame, radiant preheating of the unburned
fuel at the head by the flame is practically eliminated. According to
Fons (1946) this factor, which he described as the temperature ratio
coefficient, was the one which contributed most to increase in rate of
spread due to wind.

This now leaves heat transfer by conduction from

the gaseous combustion products and some c onve stive heating as the
main media. Heat transfer by conduction through the fuel is considered
to be negligible because of the poor conducting quality of the fuel.
In addition to its influence on heat transfer, flame action
creates a strong convection activity over the burning front. By elim
inating the flame, convection is greatly weaJkened thus reducing entrainment of fresh air. Removal of the gaseous combustion products is also
slowed. These consist largely of carbon dioxide (CO^) and water va
pour, both of which are combustion inhibiting gases. (Davis 1959 p. 74).
As a result of the weak convective activity, the flow of air
over the fuel bed is strikingly laminar, particularly at the lower wind
speeds. The hot gaseous combustion products are held close to the
fuel surface by these laminar winds. This causes preheating of the
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fuel through conduction from the gases. At the same time, the com
bustion-inhibiting components of these gases may interfere with the
rate of combustion. The interaction of these two factors is discussed
later.
As air passes over the backing front and the hot burned area
it increases in temperature and decreases in density. An experiment
conducted by Beaufait (1963) confirmed that this relationship existed
in the artificial fuel used. It i s likely, therefore, that relatively less
oxygen is available to the heading front, reducing its rate of combustion
and thus its rate of spread. This relationship is not unique to these
fires but it assumes significance here where entrainment of air has
also been affected. ^
That the backing rates react more or less as expected indic
ates that heat transfer by convection and radiation from the convection
column plays a relatively minor role in this direction, while increased
oxygen supply from increased wind plays a major role. This supports

It is believed, however, that the effect of combustion-inhibiting gaseous combustion products is more significant than that of
the reduced air density. Tests were conducted before the main burns
to determine whether the fuel beds should be ignited across the middle
or at both ends simultaneously. The fuel beds were placed on a slope
of approximately 50 percent and burned with no wind. The results
strongly suggested that the relative rates of spread of the heading and
backing fires are practically identical regardless of relative position
of the fronts. If the air density factor was the most significant, the
backing rate of spread would be expected to show a marked decrease
when the fuel beds were ignited at the ends rather than in the middle.
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the hypothesis of Byram (1959) that increased oxygen supply is the major
factor causing increased rates of fires backing into the wind.
Explanations for the relationships listed are based largely
on the following important but generally masked combustion factors:

a)

Combustion inhibiting effect of the gaseous combustion
products.

b)

Preheating by conduction from the hot gaseous combus
tion products.

c)

Laminar wind flow minimizing mixing of fresh air with
gaseous combustion products.

d)

Effective further reduction of oxygen supply at the head
by decreased density of air passing over the hot burned
area.

The observed relationships are listed and discussed in the
same sequence as presented in the previous section.
1.

In general, the heading rates of spread show a curvilinear increase
with increasing wind speeds.
This result follows the trend described by Curry and Fons

(1938) and others. As wind speed increases, the rate of oxygen supply
increases accelerating the rate of combustion; and preheating of the
unburned fuel is effected. In this case preheating is caused by con
duction from the hot combustion gases and by convection heating, and
not from flame radiation. Figure 5 illustrates the fact of preheating.
Combustion products from the smoke can be seen to have condensed on
the unburned fuel surface for the full 21 centimeters #f length ahead of
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FIGURE 5. Some preheating at the head is effected by the gaseous
combustion products. Note the stain on the fuel for the entire
head length. Slope 50 percent, wind 4 miles per hour.
the front. Slope is 50 percent and wind 4 miles per hour in this ex
ample.
Figures 6, 7 and 8 show the plotted relationship between
wind and both heading and backing rates for each angle of slope.

The

general relationship described above can be seen in the curves.

2.

The backing rate of spread increases with increasing wind speeds,
but at a lesser rate of increase than the head. Except for the
section of curve between 0 and 4 miles per hour the rates suggest
a linear relationship.
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This relationship can be seen graphically in Figures 6, 7
and 8. The increase in backing rate (burning upwind and downhill) can
be attributed to increased oxygen supply. The rate of backing increase
is less than that of the head because the wind is removing heat from
the unburned fuels at the back rather than preheating them as at the
head. This cooling effect on the backing front may also account for the
slight delay in acceleration of backing rate at wind speeds between 0
and 2 miles per hour. The cooling may partially compensate the in
creased air supply advantage at the low wind speeds, after which the
increased draught becomes more significant than the heat loss.

3.

The curves for the heading rates of spread show a dip at the lower
wind speeds. The heading rate of spread actually decreases at
low wind speeds in the no-slope and 25 percent slope position;
and remains constant in the 50 percent slope position before in
creasing.
Figures 6, 7 and 8 illustrate this phenomenon, the magnitude

of which decreases with increasing slope.
When the fuel is burned in the no-slope position with no wind
a classic convection columnforms. Entrainment of air into the column
can be seen at the fuel surface on both the burned and unburned sides.
This is illustrated in Figure 9 which is a vertical view of the fronts
burning on the level with no wind.

The convection column with entrain

ment from both sides can be detected by studying the smoke pattern.
Smoke is rising vertically away from the combustion zone.
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FIGURE 6. Rates of spread of heading and backing fires in the
no-slope position.
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FIGURE 7é Rates of spread of heading and backing fires in the
25 percent slope position.
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FIGURE 8. Rates of spread of heading and backing fires in the
50 percent slope position.
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fjj

FIGURE 9.
Convection column rising from burn on level with no wind.
Note entrainment from both sides.

Figure 10 shows how a wind of 1 mile per hour causes the
smoke column to bend over the heading front.

This is believed to pre

vent entrainment of fresh air from the unburnt side and to dilute the
available oxygen with the combustion-inhibiting products of carbon
dioxide and water vapour.

Probably contributing to the oxygen-diluting

process is the heating of the air reaching the front as it passes over
the hot burned area.

This causes the air to become less dense (Beaufait

1963) therefore supplying less oxygen per unit volume of air than wind

43

FIGURE 10- Smoke column bent over and held close to the heading
front by a wind of 1 mile per hour. No slope.

at ambient temperature.
This explanation is reinforced by the fact that the heading
rate of spread at the edges of the tray is seen to be greater where en
trai nment of fresh air from the sides is possible.

Under these con

ditions of wind speed and slope the preheating advantage is nullified by
the combustion-inhibiting effect of the gaseous combustion products
and the lowered density of oxygen.

These effects are probably inten

sified by the laminar wind flow which causes very little mixing.
In the no-slope position, winds of 2 miles per hour probably
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intensify the conditions described above, causing a further decline in
heading rate. At wind speeds above 2 miles per hour the heading rate
increases. This is probably a result of the accelerated air supply
coupled with increasedturbulence. The latter would assist in clearing
the gaseous combustion products from the combustion zone and enhance
mixing to provide more oxygen. From this point on the rate of spread
of the heading fro# increases with increasing wind speedas described
earlier.
Fires burning on slopes tend to create uphill draughts through
convective activity (Curry and Fons 1948). It is considered likely that
the increasing uphill convective activity on the slopes augments the
laminar wind, counteracting the combustion inhibiting factors sooner
than wind action alone where no slope is present.

4.

The backing rates of spread are faster than the heading rates on
all slope positions until wind speeds reach 5 to 7 miles per hour.
The backing rates of spread increase steadily as wind speeds

increase - through a combination of increasing air supply and removal
of gaseous combustion products. Figures 5 and 10 both illustrate these
factor s.
The heading fronts undergo an initial decrease in rate or
delay, as suggested earlier, and do not start increasing rate 6f spread
until after winds exceed 1 or 2 mile s per hour. Thus, the heading rates
of spread do not exceed the backing rates until this dip in rate has been
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compensated. The relationship between the heading and backing rates
for each slope is shown in Figures 6, 7 and 8. The important consid
eration here is that the 5 to 7 miles per hour point of equality of rates
merely reflects the point at which the two curves cross. The significant
change takes place at 1 to 2 miles per hour where the heading rate
curves change direction and begin their increases.

5.

Rates of spread of both heading and backing fronts increase with
increasing slope in a curvilinear relationship, except for the head
ing fronts at wind speeds of 0 and 1 mile per hour.
In general, up-slope convection induced by the burning fronts

augments the wind effect at both the heading and backing fronts. Rate
of spread is thus accelerated by increased oxygen supply and removal
of the gaseous combustion products. The slope also causes the angle
between these gases and the unburned fuel at the head to be decreased,
increasing the preheating effect.
However, at wind speeds of 0 or 1 mile per hour the com
bustion inhibiting effect of the gaseous combustion products if probably
affecting the heading rate. The slow-down of the head and only slight
increase of the back at these speeds also bears out the contention of
Curry and Fons (1938) that the influence of slope is relatively slight
at low wind speeds.
Figure 11 depicts the behaviour of the smoke on a 50 percent
slope with no wind. The unburned fuel ahead of the front is seen to be
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FIGURE 11. Burn at 50 percent slope with no wind. Note how uphill
draughts induced by the fire carry the smoke towards the head.

stained with condensate from the gaseous combustion products for dis
tances of over 4 centimeters.

This illustrates both the preheating

effect and the combustion-inhibiting effect described earlier.

In this

case the preheating advantage is probably overruled by the clinging of
the gaseous combustion products at the surface. The way in which the
smoke flows directly from the backing front leaving it burning in un
diluted air can also be seen.
Curry and Fons (1938) also found that the effect of slope on
rate of spread is curvilinear.

However, while their rate of spread
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curve showed the greatest increase at the higher slopes, the curve for
this study shows the greatest increase at the lesser slopes. This dif
ference is largely attributable to the differing behaviour of flame and
smouldering fronts as mentioned previously, and as discussed further
in the following section.

6.

The slope and wind effects are not entirely additive at the head
but partially compensating until the extreme wind and slope is
reached.
Figures 12 and 13 illustrate the wind and slope interaction

in both the heading and backing directions. The interaction is more
pronounced in the heading direction.
It would appear that slope increase to 25 percent is conducive
to rate of spread increase. As the slope increases above this nearoptimum position the oxygen diluting and combustion inhibiting effects
of the gaseous combustion products probably become more important
again at the head where these gases are brought closer to the fuel sur
face. At the extreme wind and slope combination the rate has accel
erated and is the greatest of all. This indicates that these inhibiting
factors have been overcome, permitting the slope and wind forces of
entrainment and preheating to act in additive fashion. It is considered
probablf that this accelerating trend would continue at wind speeds
above 10 miles per hour.
The interaction of the backing fronts likely involves the same
factors - heat and air. As slopes increase above 25 percent the heat
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WEADIN6 FIRES

FIGURE 12. Rates of spread of heading fires as related to wind
speed and slope.
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BACKING FIRES
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FIGURE 13. Rates of spread of backing fires as related to wind
speed and slope.
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loss effect from the unburned fuel at the back by convection would be
come greater.

Even though heat transfer at the back does not play a

large role, its effects cannot be entirely overlooked. The accelerated
air supply advantage is probably partially compensated by the cooling
effect of the wind. The trend shown in Figure 13 for the 10 mile per
hour wind is expected to continue at higher speeds, the curve becoming
more convex.
It is interesting to note that the rate of spread curves for the
50 percent slope position are practically identical to those for the noslope position with an additional mile per hour wind speed. In this
study it appears that the effect of a 50 percent slope is equivalent to a
1 mile per hour increase in wind speed. The 25 percent slope curves
do not fit this pattern, lending weight to the belief that it is a near op
timum slope position at all but the higher wind speeds.

7.

The relative rates of spread of the heading and backing fronts
vary with wind and slope in curvilinear relationships.
The relative rates of spread are described by means of a

ratio obtained by dividing the heading rate by the backing rate. The
curves formed by plotting these ratio figures against wind speed are
shown in Figure 14. The curves summarize the relationships described
previously and show how the backing rates are greater initially than
the heading rates.
Although the points are somewhat scattered, particularly
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FIGURE 14. Relative rates of spread of heading and backing
fires for each slope angle.
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for 25 percent slopes, a trend does appear which suggests that the
relative rates vary in direct proportion with the wind once the low
point of the curve has been reached. The following Table lists the
powers of wind speed with which the ratio varies. The figures relate
only to wind speeds between 5 and 10 miles per hour where the slope
of the curve is more constant.

No slope
25 percent slope
50 percent slope

0. 65
0.45
0.73

Angle of slope appears to cause pronounced differences in
the power of wind speed with which the ratios vary. It is difficult to
determine how much of this disparity of exponents can be attributed to
real difference and how much is due to the difficulty of drawing curves
through the scatteredpoints. Additional experiments would be required
to establish the effect of intermediate and greater angles of slope be
fore it could be said that these exponents represented a trend. How
ever, it is believed that this disparity does not preclude the development
of approximate working relationships for use on actual fires after ad
ditional field experiments have been conducted.
Byram (1959) expressed the relationship of the backing and
heading fronts of prescribed fires on a graph with a logarithmic scale
of rates of spread. Figure 15 shows the rates for the no-slope position
of this experiment along with Byram's results plotted on the same

53
graph. Except for the dip in the heading rate curve the slopes of the
two are quite similar. The rates of spread, however, are markedly
different as would be expected.

8.

At wind speeds of 5 to 10 miles per hour the heading rates vary
approximately as the 1.1 power of wind speed, and the backing
rates as the 0.4 power.
Fons (194 6) found that the lineal rate of spread on level ground

is approximately proportional to the first power of wind velocity for
speeds under 5 miles per hour; and to the 1.5 power for speeds from
5 to at least 12 miles per hour. It is interesting to compare these re
sults with the results of this experiment. The following Table summ
arizes the powers of wind to which the heading and backing rates are
proportional. Calculations were made for the range of 5 to 10 miles
per hour only since the curves of rates below 5 miles per hour change
pitch too rapidly.

No slope
25 percent slope
50 percent slope

Heading

Backing

1.1
0.9
1.1

0.5
0.4
0.4

All heading values lie below the 1.5 power determined by
Fons. Here again, the difference can be attributed to the smouldering
front in these tests as constrasted to the flame front in Fons'.
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FIGURE 15. Comparison of heading and backing rates of spread
for artificial and natural fuels •

SUMMARY AND CONCLUSIONS

Eighty-four trays of an. artificial fuel composed of woodflour
and potassium nitrate were burned to determine the relative rates of
spread of heading and backing fires.

Four trays were burned in each

of twenty-one combinations of wind speeds ranging from 0 to 10 miles
per hour and slopes of 0 to 50 percent.
Controlled variables included wind speed, slope angle, fuel
moisture content, fuel temperature, fuel density and species, fuel bed
width and depth, air temperature and relative humidity of wind.
The fuel was ignited across the centre of the trays so that
the heading and backing fronts burned away from each other. A smoul
dering front rather than a flame front was produced.
The objectives of the study were realized and the following
effects noted. It is believed that these results are characteristic of
fires with smouldering fronts.
1.

In general, the heading rates vary directly with wind in

a curvilinear relationship.
2.

The backing rate increases directly with wind but at a

lesser rate of increase than the head. The relationship is essentially
linear above 2 to 4 miles per hour.
3.

Low wind speeds cause a decline or decrease in the rate

of heading front progress because of the combustion inhibiting effect
of the uncleared gaseous combustion products. Rate of combustion is
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probably further decreased by heating of the air reaching the heading
front. This causes the air density to decrease providing less oxygen.
4.

The backing rates are faster than the heading rates on

all slope positions until wind speeds reach 5 to 7 miles per hour.
5.

Rates of both heading and backing fronts increase with

increasing slope in a curvilinear relationship except at the lowest wind
speeds.
6.

The interacting slope and wind effects are not entirely

additive at the heading front, but partially compensating until the higher
wind speeds are reached.
7.

The relative rates of spread of the heading and backing

fronts vary with wind and slope in curvilinear relationships.
8.

At wind speeds of 5 to 10 miles per hour the heading

rates vary approximately as the 1.1 power of wind speed and the back
ing rates as the 0.4 power.
A significant departure from previously measured burns is
the absence of flame. With a flame front the radiant preheating of the
unburned fuels at the head by the flame has a marked effect on rate of
spread. In addition a stronger convection is established over the front
at both the head and back enhancing entrainment of fresh air and re
moval of gaseous combustion products.
In the burns described in this paper these effects have been
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minimized thus permitting assessment of some of the other factors in
volved in propogation of the fronts.

The phenomena listed above can

be explained in terms of the following important but generally masked
combustion factors.
a)

Combustion inhibiting effect of the gaseous combustion
products,

b)

Preheating by conduction from the gaseous combustion
products.

c)

Laminar wind flow minimizing mixing of fresh air with
gaseous combustion products.

d)

Effective further reduction of oxygen supply at the head
by decreased density of air passing over the hot burned
area.

The relative rates of spread of the backing and heading fronts
were determined. The ratios of heading and backing rates varied but
did show trends for each of the three angles of slope. These suggest
the possibility of developing working guides to relate backing rates of
spread to heading rates. Guides for use on actual fires could only be
developed after field experiments have been conducted.

A few suggestions for further work along these lines can be
made.
a)

Using the same fuel mixture:
i

burn at higher wind speeds to test the hypotheses pre
sented here regarding wind and slope interaction.
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ii

burn at intermediate and greater slope angles to es
tablish how the relative rate of spread curves vary
with slope.

iii

introduce turbulence into the air flow to determine
the difference relative to the laminar flow of this
experiment.

b)

Burn fuel that will produce a flame front. Chopped ex

celsior or beds of conifer needles are two possible fuels that may prove
successful. A larger wind tunnel would probably be required for these
tests since longer trays would be needed because of the more rapid
spread with flame. The series of rate of spread studies currently being
conducted using ponder osa pine needle beds could be continued to study
both heading and backing rates on slopes as well as on the level.
c)

Field observations could be made on prescribed slash

fires as a first step towards developing some empirical relationships.
d)

Field experiments could be conducted on dry grass or

slash plots located on a range of slope angles. Small scale fires could
be ignited under a narrow range of temperature and relative humidity
conditions so that the effects of wind speed and slope angle could be
assessed.
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INVESTIGATION OF FUELS

As explained in the text, the ideal fuel for which this search
was made would have met the following criteria:
a)

Burn evenly at a constant lineal rate.

b)

Burn with a stable flame 1 to 2 centimeters high.

c)

Be simple to prepare.

d)

Be easy to replicate.

e)

Be easily controlled as to moisture content.

f)

Be easily controlled in the fuel bed as to density and
depth.

Since the search was aimed at obtaining a specific result,
very little data were taken on fuel mixtures that obviously were not
meeting these criteria. Thus some of the descriptions are lacking in
detail. However, future investigator s may be able to derive some use
ful information from this summary. A total of 63 fuels was tested.
All fuel component ratios shown are based on weight. In all
cases the wood component is shown last. For example, 1:4 means
1 part oxidizer to 4 parts wood material by weight.

A.

WOODFLOUR COMBINATIONS.
Woodflour alone would not burn so a number of oxidizers was

tried which might sustain fire in it.

1.

Nitrocellulose (Cellulose mononitrate 10.8-11.2% N)
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Shaefer (1962 b) described a mixture of nitrocellulose and
woodflour that produced an even burn with a flame 5 centimeters high.
The first experiments were conducted with this oxidizer to see if the
flame height could be reduced.
The first problem encountered was in pulverizing the nitro
cellulose. It had been made by treating cotton linters which were fi
nally pressed into woodpulp-like sheets. The material could not be
ground or shredded conveniently even when oven dried. Soaking in
water for several days did not work, even when liquid detergent was
added.
The most satisfactory method of separating it into its com
ponent fibers was to place a quantity of it in a Waring Blendor with water
and let the blendor run at high speed for three minutes. The fibers
would then be well separated and could be mixed with the woodflour.
Unfortunately the fuel had to be mixed as a water-base slurry since the
nitrocellulose fibers would again form a mat when dried. Thus the
mixing process became quite laborious:
a)

Oven-dry a quantity of nitrocellulose.

b)

Weigh out the required amount for one mix.

c)

Pulverize in blendor at high speed for three minutes in
water.

d)

Add measured quantity of woodflour and additional water.

e)

Blend at high speed for one minute.
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£}

Pour slurry into breaker and place in drying oven until
all water removed.

g)

Place biscuit-like residue in blendor andrepulverize for
one minute.

A supply of fuel was prepared in this fashion and the following
tests made.
a)

b)

Nitrocellulose and 140 mesh woodflour: ratio not known.
i

Biscuit-like piece from drying oven - burned evenly
but flame easily blown out.

ii

After repulverized in blendor - burned evenly and
rapidly but flame easily blown out - no reignition when
wind stopped and no smouldering.

Nitrocellulose and 140 mesh woodflour - 1:3 1/2 ratio
(2:7)
Even burn, easily ignited, flame 3-4 centimeters high
when no wind, rapid spread, strong wind would stop back
ing front but it respread when wind stopped, flame too
high for small models.

c)

Nitrocellulose and 230 mesh woodflour - 1:5 ratio
Ignited easily, even burn, flame 4-4 1/2 centimeters
high, rate of spread about 1 centimeter in 6 seconds with
no wind, flame easily blown out, no reignition.

d)

Nitrocellulose and 230 mesh woodflour - 1:4 1/2 ratio
(2:9)
As above - flame 4-5 centimeters high, flame blown out
by wind of approximately 5 miles per hour, no reignition,

e)

Nitrocellulose and 230 mesh woodflour - 1:4 ratio
As above - flames to 5 centimeters high, rapid spread,
backing front stopped by wind of about 5 miles per hour.

f)

Nitrocellulose and 230 mesh woodflour - 1:3 1/2 ratio
(2:7)
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Easily ignited, flames to 5 centimeters high, rapid
spread, backing front stopped by very strong wind but
not extinguished, heading front flame quickly seared en
tire forward surface when wind applied. Not suitable
for small scale models.
g)

Nitrocellulose and 230 mesh woodflour - 1:2 ratio
As above - high flame s, no reignition when flames blown
out.

2.

Sodium nitrate (NaNOg)
In the initial work with sodium nitrate the oxidizer was ground

in a mortar and pestle to a fairly fine consistency. Severe spotting
occurred, however, in spite of it. In order to remove the larger par
ticles the ground oxidizer was screenedthroughmeshes of varying size.
Test burns of mixes prepared with the different sizednitrate particles
made it quite evident that as particle size decreased so did the amount
of spotting. As a result all nitrate was ground to pass through a screen
of 325 meshes per inch, and the amount of spotting was greatly reduced.
A number of proportions of nitrate to woodflour was tried.
The ratio of 1:4 sodium nitrate to woodflour appeared to give the most
satisfactory results. Greater amounts of nitrate caused hot, eruptive
burns; and lesser amounts caused less even and more erratic spread
patterns.
3.

Potassium nitrate (KNO^)
Potassium nitrate was substituted for sodium nitrate in the

final mixes. The character of the burns resulting from each oxidizer
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appeared to be identical, and the non-hygroscopic nature of potassium
nitrate appeared to reduce spotting still further.
4.

Gunpowder
Four types of gunpowder were tried. These show promise

for use in larger scale models but the flames were either too high or
too tenuous for this experiment.

Fine-grain powder is more suitable

than larger-grained powders.
a)

Winchester 540 MS Ball powder and 230 mesh woodflour
1:4 ratio
Burned with tenuous flame easily blown out, no reignition.

b)

As above - 1:3 ratio
Easily ignited, flame about 10 centimeter s high not blown
out by wind but quickly seared fuel downwind. Rate of
spread approximately 15 centimeter s per minute with no
wind.

c)

Black powder and 230 mesh woodflour - 1:4 ratio
Erratic burn, progresses with series of minor explo
sions, not at all suitable.

d)

Alcan AL 7 Smokeless powder and 230 mesh woodflour
1:3 1/2 ratio
Fairly even burn, flame not easily blown out but could
be blown away from backfire.

e)

BL Type Rifle Powder and 230 mesh woodflour - 1:4
ratio
Flame 2-3 centimeters high, easily blown out, no reigni
tion.

5.

Combinations of oxidizers
It was thought that a stable flame might be produced by com-
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bining a flame-producing agent with a smouldering type. Fifteen com
binations served to dispel this notion. These are de scribed briefly be
low. The first group is cellulose nitrate - sodium nitrate - 230 mesh
woodflour mixtures. The ratios are given in this sequence.
a)

1:1:2 Flames to 55 centimeters high, not easily blown
out.

b)

1:1:4 No flame, creeping burn, some spotting.

c)

1:1:6 Creeping spread, no flame.

d)

1:1:8 No flame, rate of spread 1 centimeter in 40 to 45
seconds.

e)

1:2:4 Hot, spotty burn, flames to 15 centimeters.

f)

1:2:5 Hot eruptive burn, intermittent flame to 15 centi
meters.

g)

1:2:6 Hot eruptive burn, intermittent flame 10-15 cen
timeter s.

h)

1:2 7 Creeping burn, no flame.

i)

2:1 4 Hot eruptive burn, no flame, spotting.

j)

2:1 5 Creeping spread, no flame.

k)

2:1 6 Slow creeping spread, no flame, spotting.

1)

2:1 8 Slow creeping spread, no flame.

m) 2:1.8:8.2 Creeping spread, some spotting, rate of
spread 6 centimeters per minute.
540 MS Ball powder - Sodium nitrate - 230 mesh woodflour
n)

1:2:8 Creeping spread, spotting.

o)

2:2:8 Hot eruptive burn, spotting, no flame.

71
6.

Other mixtures
a)

Douglas fir pitch was dissolved in methanol to form a

saturated solution. A quantity of 230 mesh woodflour was added until
it formed a dough-like consistency, then spread into a sheet and allowed
to dry. When ignited an intense burn resulted with flame s approximately
5 centimeters high but which could be easily blown out.
b)

A mixture of 230 mesh woodflour and methanol resulted

in immediate flame over the entire surface.
c)

The same result was obtained by using die sel fuel instead

of methanol.

B.

SAWDUST COMBINATIONS.

Sawdust along would not burn unless it was oven-dry, and
even in this state the flames were tenuous and easily blown out.
A quantity of sawdust was screened and oxidizers mixed with
the various sizes. The number s below refer to the mesh sizes between
which the sawdust particle s lie. For example, 20/35 indicates particles
larger than 35 meshes to the inch and smaller than 20 meshes to the
inch.
1.

Nitrocellulose
a)

Nitrocellulose and 20/35 mesh - 1:3 ratio
Ignited easily, flame 4-5 centimeters when no wind,
backing front stopped by wind, no reignition; flame quick
ly sears head when wind applied.
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b)

Nitrocellulose and 20 - mesh - 1:3 1/2 ratio
Flame 4-6 centimeters high when no wind, backing front
only stopped by very stong wind, rate of spread too fast
for small-scale work.

2.

Sodium nitrate and 20/35 mesh - 1:4 ratio
Spotty erratic burn, no flame, fine particles of oxidizer tend
to settle out.

3.

Gunpowder
In all cases the gunpowder was screenedand mixed with saw

dust of the same mesh size.
a)

540 MS Ball powder and 20/35 mesh sawdust - 2:7 ratio
Flames 2-3 centimeter s high, easily blown out, noreignition, powder has tendency to settle out.

b)

Alcan AL 7 powder and 20/35 mesh sawdust - 2:7 ratio
Flame variable 2 to 5 centimeters high, easily blown
out, no reignition, tendency for powder to settle out.

c)

Shotgun powder and 35/48 mesh sawdust - 2:7 ratio.
Flames 3-5 centimeter s high, easily blown out, no reign
ition, some tendency for powder to settle out.

d)

Shotgun powder and 48/65 mesh sawdust - 2:7 ratio
Flames 2-4 centimeters high, easily blown out, no reign
ition.

e)

Shotgun powder and 65-mesh sawdust - 2:7 ratio
Same as d) above.

4.

Diesel fuel
Three mesh sizes of sawdust were mixed with diesel fuel.
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In all cases flame spread quickly over the entire surface when ignited
and was fairly easy to blow out. Even when the mixtures were left to
dry for four days in the open air the type of burn remained the same
as at first.

C.

CONIFER NEEDLES.

Needles of ponder osa pine (Pinus ponder osa) and grand fir
(Abies grandis) were chipped in a Wiley mill and passed through a me
dium mesh. The material in air-dry condition would not sustain fire
alone. Mixed with an oxidizer the results were as follows:
a)

Sodium nitrate and ponder osa pine - 1:4 ratio
Tenuous flame easily blown out, irregular burn.

b)

Sodium nitrate and ponderosa pine - 1:2 or 3 ratio
Burned with flame 12 centimeters high.

c)

Sodium nitrate and grand fir - 1:4 ratio
Difficult to ignite, slow spread, sporadic burn. Placed
in drying oven at 105 degrees Centigrade for 2 1/2 hours
after which it burned only a little better.

D.

OTHER FUELS

1.

Filter paper
A saturated solution of sodium nitrate in water was spread

over heavy filter paper which dried in an undulating sheet. A spark
induced with a match progressed with no flame and no spotting, but
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burned in surges and unevenly in the absence of wind. Filter paper
treated with a dilute solution would not sustain a spark.
2.

Excelsior
A quantity of wood excelsior was cut into lengths of 1/4 to

3/4 inches and laid in a burning tray. The fuel was easily ignited and
burned with a flame front which could not be blown out. However, when
wind was applied the flame at the head seared a large area ahead causing
a very rapid spread unsuitable for small-scale burns.
3.

Sugar
Cane sugar was groundin a mortar and wood a she s added until

the mixture was a uniform dark grey.

This was spread approximately

0.3 centimeters deep and ignited. The fuel burned with a tenuous flame
about 2 centimeters high which could be easily blown out. The flames
did not spreadfrom the point of ignition but remained stationary, burn
ing the fuel underneath and around the flame.

CONCLUSION
None of the combinations tested met the criteria listed as
well as the potassium-nitrate-woodflour mixture. This fuel met all
but the flame requirement.

Appendix B
STABILIZATION OF FUEL-BED SURFACE

Four devices were tested before the experiment to try to
stabilize the surface of the fuel bed against erosion of the fine particles
by wind. None of these proved satisfactory.

a)

Pliofilm (polyethylene sheet)
The sheet, spread over the surface and taped down all around,

did not appear to interfere with the burn when no wind was applied. The
edge of the sheet next to the burn merely melted into a series of small
masses. However, when wind was introducedthe sheet formed a pocket
ahead of the heading front catching the air and lifting the sheet off the
surface. No protection was afforded to the residual ash.

b)

Cotton gauze
Cotton gauze taped over the fuel bed helped to stabilize the

fuel itself but could not prevent the ash from blowing out. The gauze
shredded from rapidly running sparks in the fibers, blew ahead and
caused spotting. It may have been possible to fireproof the material
but it was not considered to be worthwhile.

c)

Wire window screen
This did not appear to afford a great deal of protection to the

unburned fuel although it did hold down the residual ash. However, the
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screen buckled and raised with the heat of combustion, destroying the
smooth flow pattern of air over the surface.

d)

Acrylic clear lacquer spray
One side of a prepared fuel bed was covered with a strip of

paper and the whole sprayed lightly with clear acrylic.

The sprayed

surface proved to be more stable than the unsprayed when exposed to
wind. When the fuel was ignited it became readily apparent that the
fire travelled faster in the unsprayed side than in the treated side.
Therefore this method was discarded also.

The strands of asbestos cord described in the text proved to
be reasonably successful although they could not completely prevent
spotting. It is believed that this technique could be used successfully
for burns of wind speeds at least to 16 miles per hour.
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Appendix D
INDIVIDUAL BURNING TRAY

Individual Burning Tray

The fuel bedis 53 centimeters long, 8 centimeters wide and
0.6 centimeters deep. Outside dimensions are 65.4 centimeters by
17.6 centimeters.
tray.

Note the centimeter scale inked on the sides of the
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Appendix E
FUEL MOISTURE SAMPLE TRAY

Fuel moisture sample tray

Each compartment is 14 centimeters long, 8 centimeters
wide and 0.6 centimeters deep.
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Appendix F.

- BURNING FRAME

Dimensions (centimeters)
Section *

A

B

C

D

E

F

No slope
25 percent
50 percent

19-7
17.8
15.9

31-4
36.5
32.6

30.5
30.5
30.5

30. 1
30-1
30.1

27.3
26.7
24.1

19-7
38.7
54.6

* Sketch of side elevation illustrating sections.

Frame in no-slope position.
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Frame in 25 percent slope position.

Frame in 50 percent slope position.
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Appendix G
VARIATION IN WIND SPEED OVER FUEL BED SURFACE

Four fuel trays were placed on the frame in an inverted posi
tion to simulate the smooth surface presented by four charged trays.
Wind speed was measured with a hot-wire anemometer placed
directly on the surface. Measurements were made on the mid-line
between rows II and III a) at the center, b) 25 centimeters upwind and
c) 25 centimeters downwind. The latter two locations represent the
ends of the fuel strips. Slope angle for the test was 50 percent. The
results are given in the table below.

Location
(from center)
+ 25 cm.
0
- 25 cm.

Wind Speed
(miles per hour)
(feet per minute)
850

9.66

810

9.20

850

9.66

The variation from the speed at the center is +4.9 percent at
each end.
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Appendix H
VARIATION OF WIND SPEED IN 3 x 3 FEET WIND TUNNEL ^
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Appendix I

CORRELATION OF WIND SPEED AT MODEL TO CONTROL SPEED
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APPENDIX J
CONTROL DATA
Burn
No.

Date

Start
time
(hour)

1
2
3
4
5
6

April 1
1
1
1
1
1

11:40
13:25
14:00
14:30
15:35
16:05

No slope

7
.8
9
10
11
12

April 2
2
2
2
2
2

10:45
13:15
14:00
14:30
14:55
15:55

13
14
15
16
17
18

April 3
3
3
3
3
3

20^
21
22

April 4
4
4

Slope
percent

Wind - air factors
Speed
Temp.
R.H.
m.p.h.
deg. F.
percent

Av. fuel
moisture
percent

17.2
18.0
18.3
17.8
17.5
17.3

4.86
4.71
4.63
4,66
4.59
4.67

25
25
25
25
25
25

1.00
2.00
4.05
6.00
8. 17
0

80.0

81.0
80.7
81.0
80.0

17.5
18.0
17.2
18.3
17.7
18.0

4.46
4.54
4.40
4.64
4.82
4.85

09:30
10:10
10:45
11:40
13:30
13:50

50
50
50
50
50
50

1.00
2.00
4.00
6.00
8.00
0

80.0
80.0
80.0
80.0
79.8
80.0

18.0
17.8
17.8
18.0
18.0
18.0

4. 65
4.62
4.59
4.61
4.74
4.74

09:45
10:10
11:00

50
25
No slope

9.95
10.00
10.00

80.0
80.0
80.0

18.2
18.2
18.0

4.83
4.68
4.86

00

^ Burn 19 was a stabilization test only

o

80.5
81.0
80.2
81.0
80.5
81.0

II
II
II
II
II

1 —r

1.96
4. 10
6.00
8.25
1.00
0

11
II
II
II
II
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Appendix K
INDIVIDUAL TABULATION OF RATES
A. No Slope

Wind

Row

(mph)

Heading
Rate

Backing
Rate

Ratio

(cm / min)

(cm/min)

(head/back)

0

i
ii
iii
iv

2.07
2.31
2.20
2. 10

2. 17
2.20
2. 16
2.16

0.95
1.05
1.02
0.97

1

i
ii
iii
iv

1.98
2.01
2.04
2.03

2.47
2.18
2.43
2.26

0.80
0.92
0.84
0.90

2

i
ii
iii
iv

1.85
1.97
1.95
1.97

2.59
2.47
2.60
2.40

0.71
0.80
0.75
0.82

4

i
ii
iii
iv

2.71
2.70
2.71
2.86

3.18
3.24
3.20
3.35

0.85
0.85
0.84
0.85

6

i
ii
iii
iv

3.07
3.40
3.13
3.50

3.96
3.76
3.76
3.96

0.78
0.90
0.83
0.88

8&

i
ii
iii
iv

4.58
5.53
4.95
5.44

4.76
5.10
4.56
4.31

0.96
1.08
1.09
1.26

i
ii
iii
iv

6.14
6.34
6.35
7.13

4.77
4.70
4.87
4.83

1.29
1.35
1.30
1.48

10

^ Actually 8.25 miles per hour
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Appendix K (Continued)

B. 25 percent Slope

Wind

Row

(mph)

Heading
Rate

Backing
Rate

Ratio

(cm/min)

(cm/min)

(head/back)

0

i
ii
iii
iv

2.10
2.08
2.08
2.09

2.49
2.38
2.48
2.42

0.84
0.87
0.84
0.86

1

i
ii
iii
iv

1.91
1.99
1.99
1.96

2.32
2.53
2.41
2.33

0.82
0.79
0.83
0.84

2

i
ii
iii
iv

2.31
2.43
2.35
2.41

2.63
2.83
2.77
2.93

0.88
0.86
0.85
0.82

4

i
ii
iii
iv

3.13
2.82
3.05
2.98

3.53
3.56
3.56
3.65

0.89
0.79
0.85
0.82

6

i
ii
iii
iv

4.75
4.95
5.00
4.68

4.50
4.55
4.47
4.55

1.06
1.09
1.12
1.03

8b

i
ii
iii
iv

5.76
5.78
6.27
5.76

4,80
4.34
4.34
4.17

1.20
1.33
1.44
1.38

i
ii
iii
iv

6.65
7.10
6.40
6.45

5.20
4.90
4.95
5.15

1.28
1.45
1.29
1.25

10

^ Actually 8.17 miles per hour.
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Appendix K (Continued)
C. 50 percent Slope
Wind

Row

(mph)

Heading
Rate

Backing
Rate

Ratio

(cm/min)

(cm/min)

(head/back)

0

i
ii
iii
iv

1.92
1.91
2.01
2.06

2.55
2.51
2.39
2.41

0.85
0.76
0.84
0.86

1

i
ii
iii
iv

2.01
2.02
1.93
1.96

2.51
2.46
2.58
2.33

0.80
0.82
0.75
0.84

2

i
ii
iii
iv

2.28 a
2.48
2.29
2.35

2.82
2.83
2.83
2.95

0.88
0.81
0.80

4

i
ii
iii
iv

3.18
3.25
3.42
2.93

3.42
3.60
3.72
3.57

0.93
0.90
0.92
0.82

6

i
ii
iii
iv

3.70
3.75
3.45
3.85

3.90
3.70
4.00
3.90

0.95
1.01
0.86
1.01

8

i
ii
iii
iv

5.00
6.00
5.55
5.35

4.35
4.30
4.65
4.30

1.15
1.40
1.19
1.24

10

i
ii
iii
iv

7.33
7.50
7.20
7.04

4.67
5.00
5.20
5.07

1.57
1.50
1.39
1.39

X

^ $his row failed to ignite in the heading direction. The value was
estimated for the analysis of variance by the method described by
Steele and Torrie (I960) on page 139» but was not used in calculating
the mean rate.
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Appendix L
ANALYSIS OF VARIANCE

1,

Calculated for heading and backing fronts separately.

Variation due to:

A.

Sum
Squares

Degrees
of
Freedom

Mean
Squares

Sample
F

Heading Fronts
Wind
Slope
Row
Wind X Slope
Wind X Row
Slope X Row
Residual

254.0243
2.8263
0.3713
5.9840
0.7062
0.4518
1.3575

6
2
3
12
18
6
35 ^

Total

265.7214

82 ^

42.3374
1.4132
0.1237
0.4986
0.0392
0.0753
0.0387

1093.99
36.52
3.20
12.88
1.01
1.95

**
**
*
**

eking Fronts
Wind
Slope
Row
Wind X Slope
Wind X Row
Slope X Row
Residual

78.4165
0.7393
0.0259
1.5439
0.4132
0.1331
0.6964

6
2
3
12
18
6
36

Total

81.9683

83

*

Significant at 5 percent level

**

Significant at 1 percent level

a

13.0694
0.3696
0.0086
0.1286
0.0230
0.0222
0.0193

677.17 **
19.15 **
0.45
6.66 **
1.19
1.15

One missing item in data; degrees of freedom reduced by unity.
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Appendix L (Continued)

2.

Calculated for entire data

Variation due to:

Sum
Squares

Degrees
of
Freedom

Mean
Squares

Direction
Wind
Slope
Row

0.9034
302.0313
3.2248
0.1450

1
6
2
3

0.9034
50.3386
1.6124
0.0483

30.4095
0.3408
0.2523
5.0417
0.4453
0.2041

6
2
3
12
18
6

5.0682
0.1704
0.0841
0.4201
0.0247
0.0340

Dir. X Wind x Slope
Dir. X Wind x Row
Dir. x Slope x Row
Wind X Slope x Row

2.4862
0.6750
0.3807
1.2126

12
18
6
36

0.2072
0.0375
0.0634
0.0337

Residual

0.8404

35^

0.0240

348.5931

166 ^

Direction x Wind
Direction x Slope
Direction x Row
Wind X Slope
Wind X Row
Slope X Row

Total

*

Significant at 5 percent level

**

Significant at 1 percent level

One missing item in data;

Sample
F

37.64 **
2097.44 **
67.18 **
2.01
211.18
7.10
3.50
17.50
1.03
1.42

**
**
*
**

8.63 **
1.56
2.64 *
1.40

degrees of freedom reduced by unity.

